Prospects for producing low carbon transportation fuels from captured CO2 in a climate constrained world  by Kreutz, Tom
Available online at www.sciencedirect.com
Energy  Procedia  00 (2010) 000–000 
Energy
Procedia
www.elsevier.com/locate/XXX
GHGT-10
Prospects for producing low carbon transportation fuels 
from captured CO2 in a climate constrained world 
Tom Kreutz*
Princeton Environmental Institute, Princeton University, 25 Guyot Hall, Princeton, NJ 08544  USA 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
The climate implications of technologies that capture CO2 to produce transportation fuels (CCTF) are investigated by study-
ing two examples: biodiesel from microalgae and Sandia National Laboratory’s S2P process.  Simple performance and economic 
models for each technology are examined in the context of a bifurcated – “pre-CCS” vs. “post-CCS” – climate regime in which 
CCTF uses CO2 that is, respectively, captured from power plant flue gases or taken from CCS pipelines.  CCTF promises to im-
prove domestic energy security by converting sunlight and waste CO2 into transportation fuels; in addition, these fuels are 
roughly climate neutral when CO2 is captured from either flue gases or directly from the atmosphere.  However, after the power 
sector becomes largely decarbonized under a stringent climate policy, large point sources of concentrated CO2 are likely to be 
relatively rare, and unfortunately, fuels made from pipeline CO2 destined for storage do not have markedly reduced net GHG 
emissions.  Thus, absent the development of economical CO2 capture from air, it’s difficult to see how CCTF can play a signifi-
cant long term role in decarbonizing the US transportation sector (and thus reaching US climate goals). 
© 2010 Elsevier Ltd. All rights reserved 
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1. Background and Motivation 
The emergence of CO2 capture and storage (CCS) as a potentially viable tool for large scale reductions in global 
greenhouse gas (GHG) emissions has spawned interest in a parallel concept known as CO2 capture and recycle – or 
reuse (CCR).  CCR seeks to convert a massive CO2 waste disposal problem into an economic opportunity by identi-
fying processes that can profitably utilize captured CO2.  Recently, the U.S. Department of Energy dedicated more 
than 107 M$ to twelve “Innovative Concepts for Beneficial Reuse of Carbon Dioxide” [1], of which the most nu-
merous and globally significant are systems that use microalgae to capture CO2 from power plant flue gas and con-
vert it (via sunlight, water, and nutrients) into natural oils that are readily processed into liquid transportation fuels 
such as biodiesel.  In a similar concept, the Sunshine-to-Petrol (S2P) Project at Sandia National Laboratories [2,3] 
uses high temperature heat from concentrated sunlight to drive a novel thermochemical cycle that can reduce CO2 to 
CO and O2 (and/or H2O to H2 and O2), reactants needed for the production of synthetic fuels using processes such as 
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Fischer-Tropsch synthesis.  Both microalgae and S2P use solar energy to “up convert” CO2 to transportation fuel 
precursors.  We employ the generic label CCTF (CO2 Capture to produce Transportation Fuels) to refer to systems 
that use sunlight and captured CO2 to make transportation fuels.  With CCTF, fossil carbon is “used twice” before 
entering the atmosphere from vehicle tailpipes, effectively displacing the GHG emissions from an equivalent 
amount of petroleum-based fuel.1  In addition to the potential climate benefits, CCTF is also motivated by pressing 
energy security concerns and the close match between the amount of carbon emitted from power plants and the re-
quirements of the transportation sector; in 2008, for example, the US consumed 500 Mtonne C in transportation fu-
els while simultaneously emitting 540 Mtonne C from pulverized coal (PC) steam electric power plants [4]. 
This work seeks to clarify the role that CCTF might play in global efforts to achieve deep reductions in GHG 
emissions.  In particular, in what scenarios can CCTF be used to significantly reduce GHG emissions in the US 
transportation sector?  Can (or should) CCTF significantly replace CCS?  We examine two examples of CCTF: mi-
croalgae-based biodiesel and S2P FTL (Sunshine-to-Petrol Fischer-Tropsch liquids), whose general characteristics 
are briefly described below.  It is important to note that this work is only a preliminary scoping study designed to 
sketch out the rough outlines of each system’s prospective performance and economics as related primarily to GHG 
emissions.  The burgeoning field of algae-to-energy is far too dynamic and diverse to attempt here anything more 
than a generic characterization, and S2P technology and system designs are still under active development with few 
details available in the open literature.  The results of these schematic representations should be interpreted only as 
crude generic estimates, in no way comparable to the detailed (Aspen Plus-based) techno-economic investigations of 
novel low carbon synfuels production plants described, e.g., in ref. 5. 
2. Methodology and Assumptions 
For simplicity we restrict our scope to the United States, and focus on the challenge of reducing US GHG emis-
sions by 83% by 2050, as mandated in pending federal legislation (e.g. the American Clean Energy and Security Act 
of 2009 [6]) and considered by the IPCC to be consistent with a GHG stabilization level below 500 ppm CO2eq[7].  
It is assumed here that reductions in GHG emissions will be driven by a price on emissions that increases over time, 
e.g. by means of an increasingly stringent 
cap on emissions.  Large scale reductions in 
GHG emissions are expected to occur first 
in the electric power sector, which was re-
sponsible for 41% of US CO2 emissions in 
2008 [8], through a switch to low- and no-
carbon generation technologies2, including 
CCS – assumed here to be a viable large 
scale GHG mitigation strategy.  Because 
84% of the US power sector’s 2008 CO2
emissions came from coal, we focus on PC 
plant flue gas as the primary source of fossil 
CO2 for CCTF, which, as mentioned above, 
is well matched to the carbon requirements 
of the US transportation sector.  In addition, 
the concentration of CO2 in power plant 
stack gases is more than three times higher 
for PC plants (~13%) than for natural gas-
fired generators (~4%), making the former a 
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Fig. 1.  Levelized cost of electricity for power plants as a function of CO2 emissions 
price.  Above the “crossover” CO2 price, it is assumed that PC plants are either retro-
fitted for CCS or repowered with low/no-carbon generating technologies. 
1
 We distinguish CCTF from what might be called CCBF, “CO2 Capture to produce Boiler Fuel”, e.g. anaerobic digestion of microalgae to pro-
duce oil and methane, where the carbon can be recycled (i.e. burned, captured as CO2, upgraded to boiler fuel, and returned to the boiler) many 
times before eventually leaking into the atmosphere.  In other CCR schemes which don’t produce fuels, the captured carbon is used in a manner 
that prevents its release into the atmosphere as CO2.
2
 In an analysis by the Energy Information Administration on the economic effects of the American Clean Energy and Security Act of 2009, 80-
88% of GHG emission reductions achieved by 2030 were expected to occur in the electric power sector [9].  
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more desirable source of CO2.  Note that, in order to achieve the deep economy-wide emission reductions desired by 
2050, the entire transport sector – which produced 33% of the US CO2 emissions in 2008 – must also undergo mas-
sive decarbonization.  Thus, we seek to identify systems that can significantly reduce the carbon intensity of trans-
portation in concert with decarbonized power and heating sectors.  For clarity, our analysis avoids convolving the 
power and transportation sectors; instead we evaluate CCTF separately as a means of reducing GHG emissions as-
sociated with transportation, set within the larger context of a power sector that is being decarbonized in response to 
carbon policy.  CCTF can be adopted either by a power generator responsible for CO2 emissions, or by an outside 
party seeking to utilize that carbon source. 
3. Bifurcated Climate Regime 
We imagine a future US energy economy that, for the sake of simplicity, is broadly characterized by two distinct 
temporal eras, labeled: “pre-CCS” and “post-CCS”, shorthand for pre- and post- decarbonization of the electric 
power sector – not necessarily via CCS.  In the near term pre-CCS era, when CO2 emissions prices are low, the most 
economical course for PC power plants is to vent their CO2, pay the required fees, and pass on the costs to consum-
ers.  In this period, large point sources of relatively concentrated (4-13%) CO2 are abundant.  Over time, however, as 
the CO2 price increases, it eventually becomes more economical to either retrofit plants to capture and store most of 
their CO2 (e.g. ~90%) or to “repower” using lower carbon feedstocks or generation technologies (e.g. natural gas, 
nuclear energy, renewable energy, etc.)  While the transition from pre-CCS to post-CCS regimes will occur within a 
band of CO2 emissions prices, e.g. 60-100 $/tonne CO2, for simplicity we adopt here a single “crossover” CO2 price, 
60 $/tonne, above which it is estimated to be more profitable for a PC plant to employ CCS than vent its CO2 (inter-
section of black lines in Fig. 1).3   In the pre-CCS regime, CCTF plants must be co-located with (but not necessarily 
owned by) a power plant; careful integration between the two plants will reduce costs (not studied in detail here). 
In the post-CCS regime, fossil-based power plants either employ CCS or have been replaced by nuclear power 
and/or renewable generators; as a result, large point sources of vented fossil CO2 are relatively rare.  While point 
sources of vented CO2 from carbon neutral biomass-fired plants may exist, Fig. 1 (green lines) suggests that CCS 
versions of these plants will be much more profitable – and numerous – than CO2 venting variants.  In short, large 
supplies of CO2 are expected to be widely available only as supercritical CO2 in pipelines destined for geologic stor-
age.  The amount of pipeline CO2 available for CCTF will depend upon the economic competition (not studied here) 
between fossil plants with CCS (or CCTF) and non-carbon generators; for simplicity, we assume here that the for-
mer is competitive, and pipeline CO2 is plentiful.
4  In the post-CCS regime, CCTF plants can either be: 1) co-located 
and tightly coupled to (and possibly co-owned with) power plants in order to exploit the benefits of close integra-
tion, or 2) located far from distant generators, using pipeline CO2 as a source of carbon, to exploit geographic advan-
tages unique to the two very different types of plants.  Throughout this paper, both sources are called “pipeline CO2”
because the CO2 has no (or slightly negative) value; in the absence of CCTF, it was destined for geologic storage. 
4. CCTF Technologies 
Two CCTF exemplars are considered, mi-
croalgae-based biodiesel and S2P FTL, 
briefly described below.  As seen in Table 1, 
both process employ CO2 capture/con-
centration, solar-driven synthesis of fuel pre-
cursors (microalgae and CO, respectively), 
and fuel production/refining.  The capacity 
factor of fuel production is assumed to be 
90%, achieved by means of buffer storage of 
the fuel precursors.  The solar-driven precur-
Table 1.  Processes common to microalgae biodiesel and S2P FTL.  (Excluding CO2
distribution to raceways/synthesis reactors and precursor harvesting/collection.) 
Common Process Algae Biodiesel S2P FTL 
CO2 capture 
CO2 sparging/absorption 
in carbonation sump 
CO2 capture from PC 
plant flue gases via MEA 
Precursor synthesis 
Cultivation of microalgae 
in raceways 
Reduction of CO2 to CO 
in CR5 reactors 
Fuel production
a Lipid extraction and 
transesterification
FT synthesis – w/ recycle 
– and subsequent refining 
a
Including heat and power integration/management.
3
 During this decarbonization process, some “fuel switching” from coal to natural gas combined cycles (NGCC) will surely occur, roughly halv-
ing CO2 emissions; however, in order to meet US GHG emission goals, the CO2 price will rise sufficiently to decarbonize even NGCC power. 
4
 High oil prices will bias this competition toward fossil-based power with CCTF. 
T. Kreutz / Energy Procedia 4 (2011) 2121–2128 2123
4 Kreutz / Energy Procedia 00 (2010) 000–000 
sor synthesis units are assumed to have an availability of 34.2% 
(12 hr/day[10], 250 productive days/yr
5
), and are scaled up in 
order to adequately supply the fuel production units.  All CCTF 
plants are scaled to produce 50,000 bbleq/day
6 of synthetic trans-
port fuel as well as a modicum of export power (see Table 2).   
CO2 requirements. Both algae and S2P require relatively 
concentrated sources of CO2 for economical operation.
7  In the 
pre-CCS era, CO2 is assumed to be captured from PC plant ex-
haust gases; in the post-CCS regime, it is assumed that CO2 is 
available at zero cost from CCS pipelines.  While S2P requires 
fairly pure CO2, microalgae can be cultivated using pure CO2 or 
can extract CO2 from flue gases injected directly into raceway sumps or photobioreactors. For simplicity, we con-
sider here only flue gas injection.  For both CCTF technologies, separate plant designs with high carbon utilization 
(appropriate for high CO2 prices, i.e. the post-CCS regime) are considered in which it is cost effective to capture 
~90% of the CO2 normally vented during fuel production and recycle it back to the precursor synthesis unit; in the 
case of microalgae, the CO2 capture efficiency from the initial injected flue gas is also increased. 
Microalgae Biodiesel [11-16].  Many strains of microalgae are rich in lipids that are readily converted to bio-
diesel via transesterification.  The high growth rate and photosynthetic efficiency of microalgae offers the potential 
for much higher yields per acre than terrestrial biodiesel feedstocks, and thus greatly reduced land requirements.  
Microalgae can be cultivated on land unsuited to traditional agriculture, in brackish or saline water, significantly 
reducing competition with food crops (and thus indirect land use change).  Several strains of microalgae have been 
successfully cultivated using power plant flue gas as the source of carbon, and the potential exists for using waste-
water to provide the required nutrients.  The composition of the algae, esp. lipid content, can be significantly altered 
by varying the growth conditions.  Microalgae are further amenable to selective breeding and genetic modification. 
The configuration and performance of the microalgae biodiesel facility considered here is taken from ref. 15: 
two-stage (i.e. nutrient sufficient/starved) cultivation of Chlorella vulgaris in open raceways; injection of flue gas 
(12.5% vol. CO2) into raceway carbon sumps; aluminum sulfate flocculation + decanter centrifuging; multi-stage 
countercurrent oil extraction using hexane; oil transesterification to biodiesel and glycerol; anaerobic digestion of  
the non-lipid fraction to generate methane which provides process heat and (excess) power.  An estimate of the 
overnight capital cost is taken from ref. 12, based on a productivity of 30 dry g/m2/day (or 110 tonne/ha/yr). 
S2P FTL.  In the S2P process, high temperature heat from concentrated sunlight powers a novel “CR5” heat en-
gine that can reduce CO2 to CO and O2 (and/or H2O to H2 and O2) for subsequent synthesis of Fischer-Tropsch (FT) 
liquids. The schematic configuration assumed here employs a networked array of CR5 reactors that convert rela-
tively pure CO2 to CO, centralized cobalt-based FT synthesis (with internal recycle of unconverted synthesis gas), 
refining of FT products to synthetic gasoline and diesel fuel, and 
integrated heat recovery steam cycle for power production. FTL 
production/refinery design and performance is taken from ref. 
17.  In the pre-CCS era, CO2 is obtained via intermittent (i.e. 
diurnal cycle) post-combustion capture of CO2 from PC power 
plant exhaust gases via monoethanolamine (MEA) solvent ab-
sorption/stripping without CO2 buffer storage.
8  As discussed 
below, the overall carbon utilization can be roughly tripled by 
including CO2 buffer storage.
Table 2.  Inputs and outputs for 50,000 bbl/day 
CCTF plants. 
Input CO2, tonne/hr: Pre-CCS Post-CCS
Microalgae biodiesel 2,058 943
S2P FTL 1,010 824
Output fuel, MWth
a
3,174 3,174 
Export Power, MWe:
Microalgae biodiesel 324 250
S2P FTL 241 347
a
Biodiesel: 50,000 bbleq.  S2P FTL: 30,171 bbleq (2,004 
MWth) diesel + 19,829 bbleq (1,155 MWth) gasoline.
Table 3.  Assumed carbon  utilization (%) of the primary 
processes in algae and S2P plants (net of internal recycle 
loops) for low/high
a
 carbon utilization configurations. 
Common Process Algae S2P
Initial CO2 capture  70 / 95 90 / 100 
Precursor synthesis  100 100
Fuel production
a
55.8 / 89.7 79.6 / 97.5
Nameplate C utilization 39.1 / 85.2 71.6 / 97.5
Overall C utilization 13.4 /85.2 24.5 / 97.5
a
High C utilization designs include 90% capture and re-
cycle of CO2 normally vented during fuel production.
5
 Adopted from ref. 11.  This is equivalent to a peak (summer) solar insolation that is 1.5 the annual average insolation, used in ref. 12. 
6
 “bbleq” = the lower heating value (LHV) energy equivalent of a barrel of petroleum-derived (PD) fuel.  LHVs of fuels used here (MJ/kg): PD 
low-S diesel=42.6; PD reformulated gasoline=42.4; FT diesel=44.0; FT gasoline=44.3; algae-derived biodiesel=37.2. 
7
 In contrast to terrestrial biodiesel feedstocks, microalgae cannot be economically cultivated using only the dilute CO2 present in air; at the high 
growth rates required for economical operation, the energy required for aeration/carbonation far exceeds the energy in the resulting algae. 
8
 Preliminary economic analysis suggests that intermittent CO2 capture is less costly than continuous CO2 capture and buffer storage using re-
versible storage in geologic formations.  In the pre-CCS regime, the reduction in overall C utilization has no economic repercussions.
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e for S2P. 
5. Climate Benefits of CCTF 
In CCTF the source of CO2 determines the net carbon intensity of the fuel.  CO2 captured directly from the air, or 
from an exhaust stream destined for the atmosphere, represents negative emissions.  When that carbon is converted 
into a transport fuel, burned in an engine and exhausted to the atmosphere as CO2, the overall cycle is roughly car-
bon neutral.  Thus CCTF is expected to provide a significant climate benefit in the pre-CCS regime where CO2 is 
normally vented.  However, in the post-CCS regime, if CCTF employs captured CO2 from a pipeline destined for 
geologic storage (i.e. displaces CCS), the GHG emissions from the combusted synfuel should be comparable to 
those of traditional petroleum-based fuels, i.e. minimal climate benefit.  (Note that the climate benefit is independent 
of origin of the carbon, e.g. fossil fuels vs. biomass.)  It is worth reiterating that, if CCTF employs CO2 captured 
directly from the air, the resulting fuels are roughly climate neutral.  However, because the concentration of atmos-
pheric CO2 is very low, direct air capture is widely believed to be quite costly, and is therefore not considered quan-
titatively in this study. 
Carbon Utilization.  Carbon utilization refers to the fraction of a given CO2 stream that CCTF processes are able 
to convert into fuel.  The “nameplate” (or 100% capacity factor) carbon 
utilization factor can be expressed as the product of the initial CO2 cap-
ture efficiency and the C conversion efficiencies for both precursor syn-
thesis and fuel production/refining.  Assumed values for these quanti-
ties are given in Table 3 for both low and high carbon utilization de-
signs, as might be appropriate at low and high CO2 emission prices, 
respectively, i.e. in the pre- and post-CCS regimes.  In the pre-CCS 
regime, without buffer storage of CO2, the overall carbon utilization of 
the flue gas stream is significantly reduced by the low (34.2%) avail-
ability of the solar-driven precursor synthesis unit.  (However, as dis-
cussed below, should CO2 supply become a limiting factor, 100% avail-
ability can be achieved via CO2 buffer storage, almost tripling the over-
all carbon utilization.)  In the post-CCS regime, networks of CCS pipe-
lines and reversible geologic storage reservoirs are assumed to act as 
zero cost diurnal buffer storage, enabling 100% utilization of the pipe-
line CO2 by CCTF systems.   
Lifecycle GHG emissions.  Estimated lifecycle GHG emissions (and the percent reduction relative to petroleum 
fuels) for algae- and S2P-based synfuels are given in Table 4.  For reference, emission rates are also included for six 
FTL plants fueled by gasified coal (CTL), biomass (BTL), and coal+biomass (CBTL) – with and without CCS [5]; 
these are collectively termed “XTL” plants.  Note that all plants generate excess electric power (~10% of the total 
plant output) which is assumed here to offset GHG emissions from PC and PC+CCS power plants in the pre- CCS 
and post-CCS regimes, respectively.9  In this way CCTF plants can be carbon neutral, or even carbon negative.10
As anticipated, CCTF fuels are seen to be roughly carbon neutral in the pre-CCS regime, and comparable to petro-
leum-based fuels in the post-CCS regime.  The modest (27%) decrease in GHG emissions exhibited by S2P in the 
post-CCS era is due to the relatively low GHG emissions of FTL compared to petroleum-derived fuels.  The appar-
ent superiority of S2P over algae fuels is partly due to better 
carbon utilization, but a significant portion of the difference 
(~38 kg CO2eq/GJ LHV) comes from a more thorough ac-
counting in ref. 15 of lifecycle GHG emissions – including 
those associated with plant construction – for the algae sys-
tem than was undertaken her
Table 5.  Economic assumptions employed here. 
Capital charge rate  15% per year 
Interest during construction 16.0% of overnight capital 
Operation & maintenance 4% of overnight capital / yr
CO2 transport+storage costs 10 $/tonne CO2
U.S. dollars valued in year 2007 (mid-year) 
Table 4.  Lifecycle GHG emission rates (kg 
CO2eq/GJ LHV) of CCTF fuels and percent reduc-
tion relative to analogous petroleum-based fuels.
9
Results are compared to those for various XTL 
plants (in both CO2 venting and CCS configura-
tions) detailed in ref. 5. 
Emissions (% Reduction) 
Pre-CCS Post-CCS
Petroleum fuels 91.6 (0) 
Algae biodiesel 10.0 (89) 116.5 (-27) 
S2P FTL -20.4 (122) 66.9 (27) 
CTL-RC-V 171.8 (-87) 200.5 (-119)
CTL-RC-CCS 74.8 (18) 95.8 (-4) 
CBTL-RC-V 81.7 (11) 109.2 (-19) 
CBTL-RC-CCS -20.5 (122) -1.3 (101) 
BTL-RC-V -32.9 (136) 0.1 (100) 
BTL-RC-CCS -140.4 (253) -116.1 (227)
9
 Excess power offsets PC and PC+CCS plant emissions, at 992 and 190 kg CO2eq/MWh, in the pre- CCS and post-CCS regimes, respectively. 
10
 Just as net power consumption by the CCTF plant would be charged as positive GHG emissions (according to the carbon intensity of the power 
source), net power production by the CCTF plant reduces its overall GHG emissions.  We assume here that PC power is displaced.9
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6. Economic Considerations 
This section examines how the generic
cost of CCTF fuels vary as a function the 
CO2 emissions price, with a focus on the 
cost of CO2 acquisition and emissions.  
LCOF and BEOP: The economic 
framework of ref. 5 (see Table 5) is used to 
estimate the levelized cost of fuel (LCOF) 
and the break-even crude oil price (BEOP) 
for each system.  CCTF plants are scaled to 
50,000 bbleq/day to facilitate comparisons 
with XTL plants detailed in ref. 5.  For mi-
croalgae biodiesel, we employ the (linearly) 
scaled overnight capital cost estimate (esca-
lated from 1996 to 2007 US dollars using 
the Chemical Engineering Plant Cost Index 
[18]) of ref. 12 for a facility whose areal 
extent is 50 kha: 4,500 M$.  For S2P, 
whose detailed costs are unknown, we 
adopt a much larger overnight capital cost 
(37,700 M$) that is consistent with a recent 
LCOF estimate for S2P FTL: 10 $/gge.11
Note that these costs are only rough esti-
mates; S2P costs are likely to be too con-
servative, and those for algae too optimis-
tic.12  The estimated LCOF and BEOP for 
CCTF (and XTL) plants are shown in Figs.  
2 and 3 as a function of CO2 price.  The 
change in slope and discontinuous jump to 
higher values at the crossover CO2 price is 
due to the sharp increase in net GHG emis-
sions that accompanies the use of pipeline 
CO2 as a feedstock.   We also include the 
somewhat more costly S2P variant (“S2P 
w/ CBS”) that employs CO2 compression 
and buffer storage in geologic reservoirs in 
order to increase overall carbon utilization; 
note that this technique can also be em-
ployed in algae systems that use MEA to 
capture CO2 from flue gases (not discussed 
here). 
Cost of CO2 capture/acquisition and emissions.  The trends seen in Figs. 2 and 3 are caused in large measure 
by the cost of capturing/acquiring CO2 and the cost of carbon emissions, shown separately in Fig. 4 as a function of 
CO2 emissions price.  In the pre-CCS regime, the cost of captured CO2 rises with the CO2 price due to GHG emis-
sions associated with power required for CO2 capture.  CO2 is captured from injected flue gas (required power: 0.06 
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S2P FTL as a function of CO2 price; XTL plants are shown for comparison.
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12
11
 “gge” = equivalent (LHV basis) gallon of gasoline.  According to Dr. James Miller of the S2P development team, “We are confident we can 
get this number [the fuel cost] down to less than $10 for a gallon of gas” [3]. 
12
 If the microalgal culture must be incubated in photobioreactors to avoid contamination, as indicated in ref. 16, the capital cost for a microalgae 
biodiesel plant is estimated to increase by a factor of four, with the (zero CO2 price) LCOF increasing five fold and BEOP increasing six fold. 
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kWh/tonne [15]) by algae in carbonation 
sumps at a cost of 6-15 $/tonne CO2 cap-
tured, and by MEA (for S2P) at 28-41 
$/tonne.  The high cost of MEA capture 
compared to standard post-combustion 
CO2 capture is due to the relatively low 
capacity factor of the unit.  In the post-
CCS regime, pure CO2 is assumed to be 
available at zero cost, but all carbon emis-
sions (except those from displaced power) 
are charged to CCTF fuels.  Thus, the cost 
of CO2 equals the (rising) CO2 emissions 
price plus the (fixed) cost of post fuel pro-
duction CO2 capture and recycle.   
Air Capture vs. Pipeline CO2.  Note  
in Fig. 4 that the cost of CO2 in the post-
CCS regime is only slightly higher than the 
CO2 emissions price.  Thus, the least costly 
source of carbon – and the GHG mitigation 
potential of CCTF – in the post-CCS era is determined directly by the CO2 emissions price (and is independent of 
the price of crude oil).  Until the CO2 emissions price reaches the cost of capturing CO2 directly from air, CCTF will 
utilize pipeline CO2 and provide only a marginal climate benefit.  Above that critical CO2 price, air capture will be 
employed, and CCTF will provide transportation fuels that are roughly carbon neutral.   
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Fig. 4.  The cost of capturing/acquiring CO2 and CO2 emissions ($/tonne CO2 initially 
captured) for microalgae and S2P plants as a function of the CO2 emissions price. 
7. Conclusions 
 CCTF technologies have the ability to improve domestic energy security by creating transportation fuels from 
sunlight and waste CO2.  In their most economical configuration (without CO2 buffer storage), their low carbon 
utilization (13-25%) severely limits the fraction of US transportation fuels that can be supplied by CCTF, but the 
carbon utilization can be roughly tripled at modest cost should CO2 supplies become limited.  When using CO2 cap-
tured from either flue gases or directly from air, CCTF can produce transportation fuels that are essentially carbon 
neutral.10  However, in the absence of economical capture of CO2 from air, it’s difficult to see how CCTF can play a 
significant long term role in decarbonizing the US transportation sector (and thus reaching US GHG emission goals) 
because: 1) after the power sector is decarbonized, large point sources of concentrated CO2 are likely to be relatively 
rare, and 2) using pipeline CO2 destined for storage, CCTF does not markedly reduce lifecycle GHG emissions.  
CCTF most readily provides a significant climate benefit when coupled with large, point source emitters of CO2 that 
are actively harming the atmosphere, but these are expected to be “scarce resources” in the post-CCS era.  Similar 
reservations were expressed by the authors of the 2005 IPCC special report on Carbon Dioxide Capture and Storage 
[19]: “The scale of the use of captured CO2 in industrial processes is too small, the storage times too short and the 
energy balance too unfavourable for industrial uses of CO2 to become significant as a means of mitigating climate 
change.”
Regarding the potential for climate mitigation under a steadily increasing CO2 price, CCTF may have an impor-
tant interim role to play until the power sector becomes decarbonized, especially if widespread decarbonization is 
significantly delayed.  (This raises the unusual possibility of the transportation sector becoming decarbonized before 
the power sector.)  However, after decarbonization, CCTF has the potential to hinder climate mitigation efforts by 
providing a ready source of only mildly decarbonized domestic transportation fuels.  CCTF will only employ direct 
CO2 capture from air when the CO2 emission price exceeds the cost of air capture. 
At sufficiently high oil prices, CCTF will always displace CCS, but from a climate perspective, CCTF (without 
air capture) is clearly not a replacement for CCS.  “Using the carbon twice” fails to meet the objective of deep GHG 
emission reductions across the entire energy economy; only one sector (either power or transportation) – but not 
both – can claim the benefit of carbon neutrality.  Alternative CCR schemes like CCBF1, where carbon is captured 
and recycled many times, can produce very low carbon energy, but unfortunately not convenient hydrocarbon trans-
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portation fuels whose inherently distributed GHG emissions can only be economically mitigated by systems – natu-
ral (e.g. biomass) or man-made – that reverse the process by re-capturing CO2 from the atmosphere. 
References: 
 [1] U.S. Department of Energy.  Innovative Concepts for Beneficial Reuse of Carbon Dioxide. 
http://fossil.energy.gov/recovery/projects/beneficial_reuse.html, accessed 7/10/10. 
 [2] Diver RB, Miller JE, Allendorf MD, Siegel NP, Hogan RE.  Solar Thermochemical Water-Splitting Ferrite-Cycle Heat En-
gines.  J Solar Energy Engineering 2008; 130:041001-1. 
 [3] Service RF.  Sunshine in Your Tank.  Science 2009;326:1472. 
 [4] USDOE.  Emissions of Greenhouse Gases in the United States 2008.  DOE/EIA-0573(2008), U.S. Energy Information Ad-
ministration, Office of Integrated Analysis and Forecasting, U.S. Department of Energy, Washington, DC, Dec. 2009. 
 [5] Kreutz TG, Larson ED, Liu G, Williams RH.  Fischer-Tropsch Fuels from Coal and Biomass. 25th Annual International 
Pittsburgh Coal Conference, Pittsburgh, PA, Sept. 29 - Oct. 2, 2008.  
http://www.princeton.edu/pei/energy/publications/texts/Kreutz-et-al-PCC-2008-10-7-08.pdf
 [6] http://www.pewclimate.org/docUploads/hr2454_house.pdf, accessed 8/30/10. 
 [7] IPCC, 2007: Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II and III to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change [Core Writing Team, Pachauri, R.K and Reisinger, A. (eds.)]. 
IPCC, Geneva, Switzerland, Table 5.1. 
 [8] EPA.  Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2008.  EPA 430-R-10-006, U.S. Environmental Protec-
tion Agency, Washington, DC, Apr. 15, 2010. 
 [9] EIA.  Energy Market and Economic Impacts of H.R. 2454, the American Clean Energy and Security Act of 2009. 
SR/OIAF/2009-05, Energy Information Administration Office of Integrated Analysis and Forecasting U.S. Department of 
Energy Washington, DC, Aug. 2009. 
[10] Hourly statistical data for solar insolation at Albuquerque (NM) International Airport; 2005 annual average:  
http://rredc.nrel.gov/solar/old_data/nsrdb/1991-2005/statistics/hsf/723650_2005.hsf 
[11] Kadam KL.  Microalgae production from power plant flue gas: environmental implications on a life cycle basis.  TP-510-
29417, National Renewable Energy Laboratory, Golden, Colo, USA, 2001. 
[12] Benemann R and Oswald WJ.  Systems and economic analysis of microalgae ponds for conversion of CO2 to biomass.   
Final report to US DOE-NETL, Mar. 1, 1996. 
[13] Li Y, Horsman M, Wu N, Lan CQ, Dubois-Calero N.  Biofuels from microalgae.  Biotechnology Progress 2008;24:15–20. 
[14] Mata TM, Martins AA, Caetano NS.  Microalgae for biodiesel production and other applications: A review.  Renewable and 
Sustainable Energy Reviews 2010;14:217-232. 
[15] Stephenson AL, Kazamia E, Dennis JS, Howe CJ, Scott SA, Smith AG.  Life-Cycle Assessment of Potential Algal Biodiesel 
Production in the United Kingdom: A Comparison of Raceways and Air-Lift Tubular Bioreactors.  Energy & Fuels 
2010:24:4062–4077. 
[16] Huntley M and Redalje D. CO2 Mitigation and Renewable Oil from Photosynthetic Microbes: A New Appraisal. Mitigation 
and Adaptation Strategies for Global Change 2007;12:573-608. 
[17] Liu G, Williams RH, Larson ED, Kreutz TG.  Design/economics of low-carbon power generation from natural gas and bio-
mass with synthetic fuels co-production.  Proc. 10th Intl. Conf. on Greenhouse Gas Technologies (GHGT-10), Amsterdam, 
NL, Sept. 19-23, 2010. 
[18] Vavatuk WM.  Updating the CE Plant Cost Index.  Chemical Engineering, 62-70, Jan. 2002.  http://www.che.com/pci/.
[19] Metz B, Davidson O, de Coninck HC, Loos M and Meyer LA (eds.). IPCC special report on Carbon Dioxide Capture and 
Storage. Prepared by working group III of the Intergovernmental Panel on Climate Change. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA. 2005. Section 7.3.5. 
2128 T. Kreutz / Energy Procedia 4 (2011) 2121–2128
